Syphilis is an ancient sexually transmitted infection caused by the bacterium Treponema 23 pallidum subspecies pallidum and may lead to severe clinical complications. Recent years 24 have seen striking increases in syphilis diagnoses in many high income countries, with the 25 UK reporting a 148% increase in new diagnoses over 10 years. The reasons for this rise are 26 complex and multifactorial, including changing cultural, behavioural, and technological 27 factors that influence sexual networks and transmission dynamics. Previous genomic 28
antimicrobial resistance. 48
Introduction 49 Syphilis is an ancient, predominantly sexually transmitted infection (STI) caused by the 50 bacterium Treponema pallidum subspecies pallidum (TPA). If untreated, syphilis causes a 51 multi-system disease that can progress to severe cardiovascular and neurological 52 involvement, which can be potentially fatal. Syphilis caused a pandemic wave that swept 53 across Renaissance Europe over 500 years ago, and remained a problem until the 54 introduction of antibiotics in the post-World War II era 1 . Despite effective treatment with 55 benzathine benzylpenicillin G (BPG), syphilis transmission levels fluctuated but persisted 56 throughout the 20 th century, until the AIDS crisis of the 1980s and 1990s, where changes in 57 sexual behaviour (and possibly AIDS-related mortality), led to an overall decline in incidence 58 in many western countries and populations 2,3 . 59 60 Recent years have seen a sharp increase in syphilis cases in many high-income countries, 61 predominantly within sexual networks of men who have sex with men (MSM) 4, 5 . In the 62
United Kingdom there was a 20% increase in reported new diagnoses between 2016 and 63 2017, and a 148% increase since 2008 6 . Similar trends have been reported in other 64 countries 4,7 . The reasons for this increase are complex and multifactorial, incorporating 65 changing behavioural patterns mediated by cultural, societal and technological changes in 66 our modern world 8 , resulting in a perfect epidemiological storm. It is also possible that there 67 are bacterial changes either driving the current rise in syphilis incidence, or occurring as a 68 consequence of this increase. However, current knowledge of TPA is limited, largely because 69 the bacterium was, until recently, intransigent to in vitro culture 9 . Most current 70 understanding of TPA biology therefore comes from related species or from TPA cultured in 71 the in vivo rabbit testicular model 10 . Genomic analysis has also been limited due to low 72 levels of TPA pathogen load in patients and difficulty in readily isolating new strains. 73
Sequencing must be performed directly on clinical specimens or after passage through 74 rabbits, leading to substantial bottlenecks in genomic data generation. Recent advances 75 have enabled target enrichment of pathogen reads directly from clinical or cultured 76 specimens 11, 12 , and this was recently employed separately by different groups, including our 77 own, to sequence TPA and other T. pallidum subspecies directly from patient samples [13] [14] [15] . 78
79
The availability of increasing numbers of genomic sequences enabled the first description of 80 the global TPA population structure using 31 near genome-length TPA sequences, along 81 with a small number derived from closely related species 14 . The authors described two 82 lineages within TPA; a Nichols-lineage found almost exclusively in North American 83 sequences exhibiting substantial nucleotide diversity, and a geographically widespread but 84 genetically homogeneous SS14-lineage, confirming previous analyses using multi-locus 85 sequence typing 16 . Of these two lineages, they found that 68% of tested TPA genomes 86 belonged to the SS14-lineage, and further analysis using a larger dataset of 1354 single-87 locus molecular types (comprising 623 samples from South East Asia, 241 from the USA, 392  88 from Europe and a small number of other locations) also supported this view (94% 89 SS14-lineage). 90
91
Although penicillin resistance has never been reported in syphilis, increasing levels of 92 genotypic resistance, and clinical treatment failure, to macrolides such as azithromycin have 93 been reported 17,18 , conferred by either one of two single nucleotide polymorphisms (SNPs) 94 in the 23S ribosomal sequence (A2058G and A2059G). Arora Supplementary Table 2 ), we performed phylogenomic analyses, using 127 maximum likelihood and Bayesian methods to define lineages. In agreement with previous 128 studies 14 , we show the presence of two dominant lineages in our dataset (previously 129 denoted SS14 and Nichols; Figure 1 Figure  174 2A), as indicated by black node points. We used the rPinecone package 30 to formally classify 175 these sub-lineages based on a defined root-to-tip SNP distance, identifying eight sub-176 lineages (one of which we further subdivided into sublineages 1A and 1B to aid analysis 177 based temporal and geospatial divergence) within SS14-lineage that correlated well with the 178 population structure described by the phylogeny (Figure 2A ). Importantly, while some nodes 179 close to the tips in our phylogeny are unsupported due to small numbers of differentiating 180 SNPs, all sub-lineages defined by rPinecone are supported by >91% posterior support at the 181 key nodes in our Bayesian phylogeny ( Figure 2A not previously been analysed in context with a detailed whole genome phylogeny. We used 204 ARIBA 34 to perform localised assembly and variant calling of treponema-specific 23S 205 ribosomal sequences from all genomes, and these data were used to infer the presence of 206 both A2058G and A2059G 23S variants that confer macrolide resistance 31 . T. pallidum 207 possesses two copies of the 23S ribosomal RNA gene, yet previous analyses have not 208 identified heterozygosity between these two copies -where resistance alleles have been 209 sequenced, they are homozygous between 23S copies, and it has been suggested a gene 210 conversion unification mechanism may exist to facilitate this 18 . Of the 122 genomes, 83 211 showed evidence of genotypic resistance to macrolides, with 76 genomes showing >95% 212 read support for either the A2058G or A2059G variant. Since it is not possible to 213 discriminate between short reads originating from either copy of 23S because they are 214 perfect repeats, this suggests that both copies carry the same resistance mutation. Seven 215 clinically derived genomes (one UK sample from this study, six described by Pinto and 216 colleagues 13 ) showed a mixed 23S allelic profile. All of these samples had >179x read 217 coverage for those sites, with only a fraction of reads (26% -94%) possessing a resistance 218 allele. In these cases it was not possible to clearly distinguish between a mixture of 219 homozygous positive and negative bacteria in the same patient (either due to within-host 220 evolution or coinfection with multiple strains) or heterozygous sequences from a single 221 bacteria (different 23S rRNA alleles at each copy; heterozygosity in phase) ( Figure 2A To explore the emergence of macrolide resistance, we correlated the taxa in our time-scaled 231 phylogeny with the presence of resistance alleles (Figure 2A ). We observed a strong 232 correlation between our well supported sub-lineages and genotypic macrolide resistance or 233 sensitivity, such that resistance appears to have evolved on multiple occasions in a stepwise 234 manner (Figure 2A ). For example, Figure 2B shows how the wildtype ancestor of sub-lineage 235 1B sequences evolved the A2058G between the late 1980s and late 1990s, contrasting with 236 sub-lineage 1A sequences which did not gain A2058G, but subsequently and independently 237 evolved the A2059G variant. 238 239 More broadly in the phylogeny, we observe that similar independent 23S rRNA mutations 240 have occurred on at least four occasions (Figure 2A 35 and Shigella sonnei (6.0 x10 -7 ). However, T. pallidum is a host-restricted 278 pathogen with substantial periods of latency, and as such we would expect a molecular 279 clock rate more similar to that of Chlamydia trachomatis (2.15 x10 −7 ) 36 . Our inferred rate for 280 TPA (2.28 x10 -7 ) is consistent with this expectation, as well as with other observations that 281 suggest T. pallidum has a low evolutionary rate 37 . 282 283 Within the SS14-lineage, we defined nine well supported sub-lineages that all diverged from 284 their most recent common ancestors prior to 2006, with the earliest (sub-lineage 3) 285 potentially emerging at the end of the 1980s. We observed clear associations between 286 these nine sub-lineages and the presence of macrolide resistance conferring SNPs, with 287 each sub-lineage dominated by either macrolide resistant (n=6) or macrolide sensitive (n=3) 288 samples; there were no sub-lineages representing an even mix of resistance genotypes. 289 Such observations are not consistent with the hypothesis of an ancestrally resistant SS14-290 lineage driven to high frequency in the population due to a fitness advantage conferred by 291 macrolide resistance, where we would expect to see expansion of a single resistant lineage. 292
Rather, we see evidence of multiple sub-lineages independently evolving macrolide 293 resistance alleles, as a likely consequence of intermittent selective pressure from macrolide 294 treatment, consistent with molecular typing data from Seattle 38 . Phylogenetic 295 reconstruction shows de novo evolution of macrolide resistance in syphilis is not a rare 296 event, and furthermore, when resistance evolves in a lineage, it persists in descendants, 297 resulting in transmission from person to person. That the variants appear stable within 298 lineages, with only a single instance in the phylogeny that might represent reversion to a 299 wildtype state, suggests that there is no strong fitness cost associated with possessing these 300 macrolide resistance mutations. 301 302 Although our data strongly suggest that global expansion of the SS14-lineage is not 303 contingent on macrolide resistance, the global increases seen in macrolide resistant 304 syphilis 18 , as well as the number of resistant lineages emerging in our data, are a cause for 305 concern. Macrolides such as azithromycin are not considered frontline treatment for 306 syphilis, with WHO and US guidelines recommending treatment with BPG 39,40 , with 307 doxycycline recommended as a secondary treatment option. In contrast, WHO now 308 recommends azithromycin rather than BPG as the treatment of choice for mass drug 309 administration and the eradication of yaws 19 , caused by the closely related T. pallidum 310 subspecies pertenue. Macrolide resistance has recently been described in yaws 20 and our 311 data suggest that further independent evolution of azithromycin resistance is highly likely, 312 which would have significant implications for yaws eradication efforts. Worryingly, applying 313 azithromycin-based mass drug administration to populations infected with both TPP and 314 TPA could promote resistance in both species. infections. In many cases, the dose used for treatment of these indications is lower than the 323 recommended dose for the treatment of syphilis. Azithromycin and clarithromycin were 324 also widely used prophylactically amongst individuals living with HIV prior to the widespread 325 availability of combined anti-retroviral therapy. Off-target macrolide exposure is of 326 particular concern because azithromycin has a long half-life 43 (UW IRB # STUDY00003216). Specifically, 2.4-3.0 ml participant blood was inoculated into 370 rabbit testes as previously described 50 , and T. pallidum suspensions were collected after the 371 second round of passage. Historical strains were propagated in rabbits and harvested from 372 infected testes. T. pallidum suspensions were treated using a lysis buffer (10mM Tris pH 8.0, 373 0.1M EDTA pH 8.0, 0.5% SDS), freeze-thaw, and extraction using QIAamp Mini kit (Qiagen) 374 according to the manufacturer's instructions; in select cases the proteinase K incubation 375 was extended overnight to improve DNA yield. Treponemal DNA was quantified using a 376 qPCR targeting the Tp0574 gene that is conserved across all known members of the 377 T. pallidum cluster, and compared to a standard curve derived from a plasmid containing 378 the PCR amplicon. Samples with a concentration >2000 genome copies/µl were selected for 379 sequencing; borderline samples with high volume and a pathogen load over 500 genome 380 copies/µl were concentrated using a vacuum centrifuge. Samples were arranged in groups 381 of 20 according to similar (within 2 CT) treponemal load, with high concentration outlier 382 samples diluted as necessary. We added 4µl pooled commercial human gDNA (Promega) to 383 all samples to ensure total gDNA > 1µg/35µl, sufficient for library prep. Supplementary Table 1 . 394
Sequence analysis and phylogenetics 395
Treponemal sequencing reads were prefiltered using a Kraken 51 v0.10.6 database containing 396 all bacterial and archaeal nucleotide sequences in RefSeq, plus mouse and human, to 397 identify and extract those reads with homology to Treponema species, followed by adaptor 398 trimming using Trimmomatic 52 v0.33. To reduce bias due to variable read depth, as well as make analysis computationally tractable, for samples with high read counts we used seqtk 400 v1.0 (available at https://github.com/lh3/seqtk) to randomly down-sample the binned and 401 trimmed reads to 2,500,000 unique treponemal read pairs. For publicly available genomes, 402 raw sequencing reads were downloaded from SRA and subjected to the same binning and 403 down-sampling pipeline. For a small minority of public genomes, raw sequencing reads were 404 not available; for these we simulated 125bp PE perfect reads from the RefSeq closed 405 genomes using Fastaq (available at https://github.com/sanger-pathogens/Fastaq). 406
407
For phylogenetic analysis, we used a reference mapping approach with a custom version of 408 the SS14 v2 reference sequence (NC_021508.1) from which we first masked 14 highly 409 repetitive or recombinogenic genes (12 repetitive Tpr genes A-L, arp and TPANIC_0470) 410 using bedtools 53 v2.17.0 'maskfasta'. We mapped prefiltered sequencing reads to the 411 reference using BWA mem 54 v0.7.17 (MapQ ≥ 20), followed by indel realignment using 412 To determine SS14 sub-lineages, we recalculated a maximum likelihood tree as described 431 above for SS14-clade sequences only (using the Mexico A strain, NC_018722.1 as outgroup), 432 before performing a joint ancestral reconstruction 65 of SNPs on the tree branches using 433 pyjar (available at https://github.com/simonrharris/pyjar). We then used the rPinecone 434 package 64 (available at https://github.com/alexwailan/rpinecone), which applies a root-to-435 tip approach to defining clusters based on SNP distance relative to ancestral nodes. We used 436 a cluster threshold of 10 SNPs, which proved optimal for describing the underlying 437 phylogenetic structure of the tree, and yielded eight sub-lineages. Within sub-lineage 1, we 438 found that pinecone clusters did not accurately represent the phylogeny, despite a clear 439 phylogenetic separation, with one group of sequences from China associated with the 440 A2058G allele, and the other group from the USA associated with the A2059G allele. We 441 further manually clustered these sequences according to their shared ancestral nodes, 442 naming them sublineages 1A and 1B. 443
444
We evaluated our maximum likelihood phylogeny for evidence of temporal signal using 445 TempEst 66 v1.5, and this showed a correlation of 0.44 and R 2 of 0.20 for the whole tree 446 ( Supplementary Figure 1) , whilst the SS14-lineage -only alignment showed a correlation of 447 0.66 and R 2 of 0.44; this indicated that there was sufficient evidence for temporal signal and 448 we proceeded to BEAST analysis. BEAST 29 v1.8.2 was initially run on a recombination-449 masked SNP-only alignment containing 284 variable sites, applying a correction for invariant 450 sites using the constantPatterns argument, in triplicate using an Uncorrelated Relaxed Clock 451 model, assuming constant population size, lognormal population distribution, GTR 452 substitution model, diffuse gamma distribution prior (shape 0.001, scale 1000), with a 453 burnin of 10 million cycles followed by 100 million MCMC cycles. All MCMC chains 454 converged, and on inspection of the marginal distribution of ucld.stdev we could not reject 455 a Strict Clock. We therefore repeated the analysis using a Strict Clock model, using the same 456 models and priors and assuming a starting molecular clock rate of 3.6 x 10 -4 as described by 457 others 14 . We used the Marginal Likelihood Estimates from the triplicate BEAST runs as input 458
to Path Sampling and Stepping Stone Sampling analyses 67,68 and determined that the Strict 459
Constant model was optimal for this dataset. To further confirm the temporal signal in our 460 tree, we used the TIPDATINGBEAST package 69 in R 70 to resample tip-dates from our 461 alignment, generating 20 new datasets with randomly assigned dates -BEAST analysis using 462 the same Strict Clock prior conditions found no evidence of temporal signal in these 463 replicates, indicating that the signal in our tree was not found by chance (Supplementary 464 
